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INTRODUCTION 


The  purpose  of  this  report  is  to  describe  the  analytical  and  experimental 
evaluation  of  a  device  to  record  real-time  in  situ  acoustical  holograms.  The 
recording  concept  investigated,  as  shown  in  Figure  1,  consists  of  a  layer  of 
thermoplastic  (TP)  spread  over  the  surface  of  a  rigid  substrate. 


Figure  1.  Schematic  representation  of  TP  recording  device. 

This  report  describes  attempts  to  optimize  both  substrate  and  TP.  In 
addition,  an  effective  heating  device  for  the  TP  is  described. 

The  basic  acoustical  holography  system  is  shown  in  Figure  2.  It  was 
developed  by  Irelan,  et  al.  [1]  with  improvements  described  by  Swinson  (2,3]. 
Additional  insight  into  the  problems  associated  with  the  TP  came  from  Liu  [A]. 

The  use  of  deformable  TP  to  record  optical  holograms  is  well  documented 
in  the  previously  referenced  reports.  The  idea  of  applying  this  method  to 
record  acoustical  holograms  was  introduced  by  Young  and  Wolfe  [5]  in  1967. 

Such  a  technique  could  have  widespread  nondestructive  testing  (NDT)  applica¬ 
tions  where  information  concerning  interior  flaws  and  voids  is  needed.  Of 
particular  interest  to  the  US  Army  is  the  application  of  this  method  to  de¬ 
tect  flaws  in  ceramic  radoms  and  composite  materials.  There  are  also  potential 
medical  imaging  applications  for  such  a  device. 
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Figure  2.  Acoustical  holography  layout. 


II.  DISCUSSION  OF  IDEALIZED  SYSTEM 

Although  there  are  many  possible  arrangements  and  materials  which  might 
generate  acoustical  holographic  recordings,  this  report  deals  with  just  one, 
the  arrangement  shown  in  Figures  1  and  2.  Ideally,  the  system  would  record 
in  situ  real-time  acoustical  holograms  as  follows. 

Two  identical  underwater  collimated  ultrasonic  beams  are  focused  on  the 
same  area  of  water  surface  in  the  imaging  tank.  One,  the  object  beam,  passes 
through  the  solid  object  to  be  viewed  and, therefore ,  is  changed  spatially  both 
in  amplitude  and  phase.  The  second  beam,  the  reference,  is  unaffected.  When 
both  beams  combine  at  the  water  surface,  an  interference  pattern,  the  acousti¬ 
cal  hologram,  is  formed  by  distorting  the  water  surface.  Although  these 
acoustical  beams  are  quite  powerful,  they  can  only  cause  microscopic  surface 
distortions  due  to  the  weight  of  the  water  and  its  surface  tension.  However, 
these  distortions  are  greater  than  the  wavelength  of  laser  light  reflected  off 
the  water  surface,  so  that  a  diffraction  pattern  formed  at  the  focal  plane  of 
the  light  and,  by  the  use  of  a  slit,  the  zero,  first,  second,  or  higher  orders 
of  the  diffraction  orders  can  be  selectively  viewed  on  a  screen.  The  mathe¬ 
matical  formulation  has  been  developed  by  Swinson  [3]. 

To  permanently  record  this  interference  pattern,  some  substance  other 
than  water  must  be  used  since  it  is  obvious  that  the  water  levitation  will 
collapse  when  the  ultrasonic  signals  are  removed.  This  replacement  substance 
must  be  able  to  form  a  liquid  surface  levitation  but  be  capable  of  retaining 
the  distortion  by  some  means.  The  use  of  TP  seems  ideal  for  this  application 
since  it  is  liquid  when  heated  but  quickly  returns  to  its  solid  phase  when 
the  heat  is  removed.  The  need  for  a  substrate  is  purely  structural. 
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III.  ANALYSIS  OF  AN  IDEAL  SUBSTRATE 


Before  an  acoustical  wave  pattern  can  be  recorded  on  the  TP  surface,  the 
waves  must  first  pass  through  two  boundaries:  from  water  to  substrate;  then 
from  substrate  to  TP.  The  following  is  an  analysis  and  discussion  of  the 
energy  loss  of  the  ultrasonic  waves  through  these  two  interfaces. 


Consider  an  incident  longitudinal  wave  of  amplitude  A^L  passing  through 

a  liquid-to-solid  interface  as  shown  in  Figure  3.  There  are  three  waves  that 
result : 


(1)  A  reflected  longitudinal  wave  (A^)  back  into  the  liquid, 

(2)  A  transmitted  longitudinal  wave  (AfcR)  into  the  solid,  and 

(3)  A  transmitted  shear  wave  (Atg)  into  the  solid. 

Brekhovskikh  [7]  has  determined  that  the  amplitudes  of  these  three  resultant 
waves  can  be  related  to  the  amplitude  of  the  incident  wave  by  the  following 
ratios : 
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where  the  subscripts  1  and  2  represent  medium  1  (water)  and  medium  2  (solid 
substrate).  The  acoustical  impedances  are  given  by  the  following: 
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Figure  3.  Longitudinal  wave  propagating  from  liquid  to  solid  media  [6]. 

where  and  represent  the  longitudinal  wave  propagation  velocities  in 
the  water  and  substrate,  respectively,  and  C9g  represents  the  shear  wave 
propagation  velocity  in  the  substrate. 

To  simplify  the  analysis,  it  is  assumed  that  the  incident  longitudinal 
wave  is  normal  to  the  water-substrate  interface;  therefore,  a  =  0°.  From 
Snell's  Law  applied  to  acoustics  [2], 

sin  a  _  sin  8  _  sin  c 

r  r  ~  r  ’  ' 

1L  2S  L2L 


therefore,  a  -  6  =  e  =  0°.  Using  these  values.  Equations  1-3  can  be  combined 
with  4-6  to  get  the  following: 
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The  energy  contained  in  an  acoustical  wave  may  be  expressed  as  [3]: 
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where  p^,  A^,  and  correspond  to  a  shear  or  longitudinal  wave  in  medium  i. 
Conservation  of  energy  at  the  interface  implies  the  following: 
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An  ideal  substrate  would  be  one  which  maximizes  the  amount  of  transmitted 
acoustical  energy.  By  combining  Equations  9-12,  the  following  expression  is 
obtained  and  must  be  maximized: 


E 

Energy  Transmitted  _  tL 
Energy  Incident  E^ 


4°lp2  C1L  C2L 

(P1C1L  +  p2C2l)2 


(13) 


Equation  13  may  be  considered  a  function  of  only  two  variables,  p£  and 

since  medium  1  will  always  be  water  in  this  experimentation.  To  maximize  this 
relationship,  and  hence  to  discover  what  values  of  and  wou^^  cause 

maximum  acoustical  energy  transfer  from  water  to  substrate,  the  first  partial 
derivative  of  the  energy  ratio  with  respect  to  each  of  the  two  independent 
variables  is  set  to  zero.  Hence, 
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Both  Equations  14  and  15  yield  identical  solutions  of 
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To  determine  if  liquation  16  represents  a  maximum  or  minimum,  the  second 
derivative  test  is  applied  to  the  solutions  of  liquations  14  and  15.  That  is, 
for  Equation  14, 


and 


The  solution  to  Equation  15  must  satisfy 


and 


(17) 
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(19) 


(20) 


The  solutions  to  Equations  17  and  19  are,  respectively, 


both  of  which  are  always  negative.  Evaluation  of  Equations  18  and  20, 
however,  both  yield  results  equal  to  zero.  Hence,  it  cannot  be  confirmed  yet 
that  satisfying  result  (Equation  16)  will  yield  maximization  of  the  energy 
transfer. 

By  substituting  result  (Equation  16)  into  Equation  13,  the  following 
is  shown 
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This  result,  when  combined  with  the  zero  evaluation  of  Equations  18  and  20, 
implies  that  there  are  an  infinite  number  of  values  of  P2  and  C2^  which  will 

maximize  the  energy  transfer  into  the  substrate.  All  that  is  required  is  that 
condition  in  Equation  16be  met.  In  other  words,  for  best  energy  transfer,  an 
acoustic  characteristic  impedance  match  is  required.  This  same  type  of 
reasoning  can  also  be  applied  to  the  substrate  -  TP  interface.  It  is  com¬ 
plicated  by  the  fact  that,  as  explained  later,  the  TP  lower  surface  is  approx¬ 
imately  equal  to  the  water  tank  temperature  (typically  22°C)  while  the  TP 
upper  surface  is  heated  to  improve  its  recording  characteristics.  Therefore, 
the  velocity  of  longitudinal  waves  in  the  TP  changes  as  the  phase  of  the  TP 
changes  from  a  solid  to  a  liquid  state.  Table  1  shows  impedances  of  water 
and  several  potential  substrates. 


TABLE  1. 

CHARACTERISTIC  IMPEDANCES  OF 

VARIOUS 

MATERIALS 

MATERIAL 

DENSITY  (p) 

,  3 

g/cm 

VELOCITY  (C  ) 

cm/s 

pCL 

Water 

1.0 

1.45 

X 

105 

1. 

45 

X 

105 

Plexiglass 

1.18 

2.68 

X 

105 

3. 

2 

X 

105 

Plate  Glass 

2.51 

5.77 

X 

105 

15. 

4 

X 

105 

Pyrex 

2.23 

5.57 

X 

105 

12. 

4 

X 

105 

Teflon 

2.2 

1.35 

X 

105 

3. 

0 

X 

105 

Nylon 

1.20 

2.0 

X 

105 

2. 

40 

X 

105 

Aluminum 

2.7 

6.4 

X 

105 

17. 

3 

X 

105 

Steel 

7.8 

6 

X 

105 

46. 

8 

X 

105 

IV.  EXPERIMENTATION  AND  DISCUSSION 
A.  Initial  Recordings 

An  initial  attempt  to  record  an  acoustical  wave  pattern  on  TP  was 
performed.  Figure  4  shows  the  test  fixture,  a  plexiglass  base  plate  with 
114.3-mm  square  interior  wall  to  contain  the  TP,  and  a  high  outer  wnl]  to 
keep  any  water  from  the  imaging  tank  out  of  the  test  fixture.  The  three 
leveling  screws  and  the  two  bubble  levels  were  added  later  to  aid  in  the 
positioning  of  the  test  fixture  on  the  water  surface.  Figure  5  shows  the 
initial  TP  recording  made  with  this  device.  Only  the  3  MHz  reference  trans¬ 
ducer  was  activated.  The  3  MHz  object  transducer  was  not  activated.  The 
TP  was  S-25.  This  particular  TP  was  sufficiently  fluid  at  room  temperature  so 
that  additional  heating  was  not  necessary  for  image  formation.  The  concentric 


Figure  ) .  TV  record  ini’,  of  fresnel  zone  acoustical  fine.  pattern  i  v.'"1 
l-MH/.  rofm'ni-t'  t ransdurer .  (.u'i'ust  ic  signal  on''. 

p, attorn  of  the  fresnel  zone  rinjts  is  clearly  visiMo.  Firm  <•  <'  shows  t  ho  s 
imnr.e  ono  minute  after  the  reference  bean  was  turned  off.  Alt  hooch  there  i 
no  apparent  difference  in  these  two  photographs ,  it  should  he  noted  that  t: 
rinc  pattern  faded  sie.n  i  f  icant  1  v  after  two  minutes  and  was  complete!'.-  n'lie 
at  the  end  of  five  minutes.  This  imafie  fadinit  was  eaused  hv  the  S-J  '  TP  b> 
too  fluid  at  room  temperature  and  indicated  that  TP  with  a  hir.her  melt  i nr. 
temperature  would  be  needed  for  permanent  record  i  n.i’.s . 

in 


Figure  6.  TP  recording  of  fresnel  zone  acoustical  ring  pattern  from 
3-MHz  reference  transducer  (one  minute  after  removal  of 
acoustic  signal). 


Potent ial 
our  figures. 


problems  with  higher  temperature  TP  are  shown  with  the  followin 
Figure  7  is  the  target  object  used  for  acoustical  imaging  in 


Figure  7.  Acoustical  target. 


the  remainder  of  the  experiments  in  this  report.  A  flat  washer  was  taped 
to  a  12.7-mm  thick  sheet  of  plexiglass.  The  washer  was  surrounded  by  a  taped 
triangle.  Since  the  tape  was  not  expected  to  image  well,  a  thin  strip  of 
metal  foil  lined  the  underside  of  the  tape.  The  target  was  located  in  the 
imaging  tank  according  to  Figure  2.  To  pet  an  idea  of  what  kind  of  TP  image 
to  expect,  a  water  surface  image  was  first  produced  by  filling  the  114.3-mm 
square  in  the  recording  device  with  a  6.35-mm  layer  of  water  instead  of  TP, 
as  shown  in  Figure  8.  Onlv  the  object  beam  was  activated.  The  black  dots 


Figure  8.  Water  surface  image  of  object  target  using 

water  layer  instead  of  TP  in  recording  fixture 
with  square  window  (object  beam  only). 

superimposed  on  the  image  were  caused  by  dust  floating  on  the  water  surface 
and  water  drops  on  the  underside  of  a  focusing  lens  directly  above  the  water 
surface.  The  water  in  the  square  window  recorder  was  then  removed  and  re¬ 
placed  with  a  2.54-mm  layer  of  S-25  TP  previously  heated  to  120°C.  This  high 
temperature  was  needed  to  lower  the  TP  viscosity  sufficiently  so  the  TP  would 
easily  flow  and  form  an  even  surface  across  the  bottom  of  the  recording  de¬ 
vice.  Previous  experimentation  had  shown  that  S-25  TP  needed  to  be  heated  to 
at  least  90°C  so  that  air  bubbles  caused  by  pouring  the  TP  would  not  he 
trapped  in  the  liquid.  The  heat  from  the  melted  TP  caused  the  1.524-mm  thick 
plexiglass  base  of  the  recording  device  to  warp.  Consequently,  it  was 
difficult  to  align  the  recording  device  so  that  a  flat  recording  area  could 
be  found.  Figure  9  shows  the  unevenness  of  the  upper  surface  of  the  TP  prior 
to  activation  of  the  object  transducer.  This  unevenness  of  the  recording  TP 
distorted  the  acoustical  image  when  the  object  beam  was  activated  as  shown  in 
Figure  10.  However,  this  recorded  image  was  still  superior  to  any  previous 
attempts  and  the  object  target  was  clearly  visible.  It  also  faded  approximate 
ly  five  minutes  after  removal  of  the  acoustic  beam. 
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Figure  14.  Water  surface  image  with  no  substrate. 


To  find  a  more  heat  resistant  substrate,  the  water  imaging  experiment 
was  repeated  using  both  mylar  and  glass.  The  .0889-mm  mylar  deformed  sirni‘ 
icantlv,  not  from  the  heat  but  from  the  water  pressure  on  its  lower  side  win 
tile  recording  fixture  was  placed  in  the  imaging,  tank,  even  though  the  mylar 
was  positioned  less  than  6.  15 -mm  below  the  tank  water  surface.  Tin's  indicat 
that  rigidity  of  Lite  substrate  was  also  a  desirable  qualitv.  A  1.  IL'O-mm  th> 
glass  plate  was  sufficiently  rigid  but,  as  ana  1 vt i ea 1  I v  proven  in  Sect  ion  II 
tlie  glass  reflected  most  of  the  ultrasound  so  that  insufficient  energy  was 
available  to  form  a  water  surface  image. 


Figure  17.  Water  surface  image  with  6.35-mm 
thick  plexiglass  substrate. 


C.  Effect  of  TP  Surface  Smoothness 

Up  to  this  point,  all  images  were  recorded  with  only  one  acoustical 
transducer  activated.  By  activating  both  transducers,  an  acoustical  hologram 
can  be  generated  at  the  liquid  surface,  although  there  is  some  argument  that 
the  images  already  shown  were  Gabor  in-line  holograms.  Nevertheless,  by 
activating  both  transducers,  a  true  interference  pattern  is  formed.  This 
interference  image,  when  viewed  at  the  optical  focal  plane,  produces  a  bright 
dot  which  represents  the  zero  order  diffraction  and  a  series  of  diffraction 
lines  above  and  below  the  central  dot  which  represent  the  first,  second ,  and 
higher  diffraction  views  as  mathematically  shown  by  Swinson  [3].  Figures  18 
through  20  show  the  zero,  first,  and  second  order  diffraction  images  dis¬ 
cretely.  As  can  be  seen,  the  contrast  is  significantly  improved  by  viewing 
the  target  at  higher  diffraction  views.  These  water  surface  images  were 
recorded  at  increasing  laser  power  to  compensate  for  the  decreasing  bright¬ 
ness  of  each  successively  higher  diffraction  order. 

To  create  similar  diffraction  images  on  a  TP  layer,  the  surface  of  the 
TP  was  required  to  be  optically  flat.  All  attempts  to  record  diffraction 
patterns  on  the  TP  were  unsuccessful  due  to  a  lack  of  flatness  which  pre¬ 
vented  the  reflected  light  from  forming  a  spot  on  the  optical  focal  plane. 
Instead,  an  unfocused  folded  image  was  created  at  the  focal  plane,  making  it 
Impossible  to  separate  diffraction  orders.  This  uneven  upper  TP  surface  was 
caused  by  a  combination  of  several  separate  problems.  Besides  the  rigid  it v 
question  which  has  already  been  raised,  the  surface  of  the  TP  formed  a  con-, 
vex  meniscus  after  pouring.  This  tended  to  expand  the  reflected  light  beam 
and  destroy  the  potential  for  separating  diffraction  orders  at  the  focal 
plane.  Of  course,  as  the  distance  from  the  boundaries  increased,  the  sur'ace 
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Figure  20.  Second  order  water  surface  hologram. 

more  closely  approximated  a  flat  surface.  In  fact,  a  previous  experiment  had 
shown  that  water  in  the  114.3-mm  square  recording  device  formed  a  less  than 
flat  surface  due  to  meniscus  curvature  and  this  made  separation  of  diffractions 
more  difficult.  By  filling  the  recording  device  with  enough  water  to  cover 
the  114.3-mm  square  retaining  walls,  thereby  causing  the  outer  walls  to  be¬ 
come  retaining  walls,  the  boundary  effects  were  sufficiently  remote  from  the 
central  recording  area  and  a  normal  diffraction  pattern  was  observed  at  the 
focal  plane. 

A  new  recording  device  was  designed  in  a  further  attempt  to  create  a  flat 
TP  recording  surface.  As  shown  in  Figure  21,  the  new  device  differed  from 
the  old  In  several  ways.  The  plexiglass  base  was  replaced  with  6.35-mm  thick 
aluminum  for  rigidity.  The  114.3-mm  square  central  acoustical  opening  was 
replaced  by  a  76.2-mm  diameter  round  hole  to  maximize  the  rigidity  of  the 
substrate  insert.  A  76.2-mm  diameter  window  was  the  smallest  acoustical  win¬ 
dow  thought  practical  and  the  round  shape  of  an  acoustical  substrate  insert 
minimized  deflections  due  to  underside  water  pressure.  The  interior  retaining 
walls  were  removed  so  that  the  outer  walls  acted  as  a  retaining  wall  for  the 
TP  and  a  water  barrier  as  well,  thereby  causing  the  TP  to  approximate  a  flat 
surface  near  the  central  acoustical  window  since  this  window  was  far  removed 
from  the  boundary  effects. 

D.  F,ffect  of  Substrate  Surface  Roughness 


Plugs  (76.2  mm  in  dia.l  of  various  substrate  materials  wore  placed  in 
these  new  recording  devices.  Water  surface  holograms  were  taken  to  compare 
these  materials.  Figures  22  and  23  show  the  zero  and  first  order  diffraction 
images  through  a  3.860-mm  thick  nylon  substrate  plug  covered  with  12.7-mm  of 
water.  The  quality  of  the  images  was  significantly  below  that  of  the  water 
surface  holograms  with  no  substrate  due  to  the  relaxation  absorption  and 
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Figure  23.  First  order  water  surface  acoustical  holograr: 
through  3.860-mm  thick  nylon  substrate. 

attenuation  of  the  ultrasound  through  the  substrate  material.  Figures  22  and 
33  show  the  zero  and  first  order  images  through  a  similar  nvlon  plug  which 
had  been  sanded  to  a  thickness  of  1.778-mm.  In  comparing  these  with  the  two 
previous  illustrations,  it  can  be  seen  that  no  real  improvement  of  the  images 
resulted,  even  though  the  substrate  thickness  had  been  more  than  halved.  In 
fact,  there  was  some  deterioration  of  image  quality  in  the  first  order  images. 

It  was  theorized  that  substrate  surface  roughness  might  account  for 
these  results,  since  the  thinner  nylon  plug  had  a  rougher  surface  caused  hv 
the  sanding.  The  wavelength  of  3 -MHz  ultrasound  in  water  is  0. 508-mm. 

Sanding  the  nylon  plug  with  100-count  sandpaper  might  have  caused  surface 
variations  in  the  substrate  of  the  same  order  of  magnitude  as  the  wavelength 
of  the  ultrasound,  thereby  causing  the  image  to  distort.  To  test  this  therrv. 
the  thicker  nylon  plug  was  sanded  with  100-count  paper  until  rough  and  anet'wr 
first  order  water  surface  holograph  was  attempted.  The  image  quality  was 
great ! v  reduced  as  shown  in  Figure  26.  Tn  a  further  test  the  surfaces  of  t  in- 
thinner  nvlon  plug  were  sanded  with  increasingly  fine  sandpaper  up  to  600 
count.  1  lie  surfaces  were  then  polished  with  a  polishing  compound  and  a  first 
order  hologram  was  imaged,  as  shown  in  Figure  27.  Some  improvement  in  the 
image  can  be  seen,  indicating  that  an  ideal  substrate  should  have  acoust  ica 1 1 v 
smooth  surfaces. 

Figure  28  shows  a  first  order  hologram  of  a  1 . 600-mm  thick  teflon  sub¬ 
strate  plug.  This  image  was  clearly  superior  to  anv  previously  generated, 
although  the  teflon  surface  was  not  particularly  flat.  This  indicated  that 
teflon  had  a  lower  degree  of  attenuation  and  relaxation  absorption  than  other 
materials  investigated. 
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f'ienro  2r>.  First  order  water  surface  acoustical  holoprar: 
throupli  1.778-mm  thick  nvlon  substrate. 
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Figure  27.  First  order  water  surface  acoustical  hologram 


through  1.778-mm  thick  nylon  substrate  (polishedl 


Figure  28.  First  order  water  surface  acoustical  hologram 
through  1.600-mm  thick  teflon  substrate. 

E.  Heating  Device 

A  device  was  designed  and  constructed  to  heat  high  melting  point  TP 
to  a  liquid  for  image  formation.  As  seen  in  Figures  29  and  30,  the  device 
consisted  of  a  plywood  top  with  a  central  opening  for  the  spatially  filtered 
laser  beam.  Thin  (0.254-mm  dia.)  stainless  steel  wire  was  wound  between  two 
sets  of  hooks,  which  were  attached  to  spring  loaded  movable  supports.  Heat 
was  generated  by  passing  an  AC  current  from  a  variable  transformer  through 
the  resistive  device  (57  ohms  cold).  As  the  wire  heated,  significant  thermal 
expansion  occurred,  but  this  was  compensated  for  by  the  expansion  of  the 
springs  on  each  movable  support,  thus  keeping  the  wires  taut.  Experimenta¬ 
tion  showed  that  160V  could  be  tolerated  by  this  device  before  the  wires 
broke  (500W).  Figure  31  shows  the  heating  device  installed  in  the  recording 
fixture.  The  construction  of  the  heater  is  such  that  the  wires  are  positioned 
approximately  6.35-mm  above  the  TP  layer.  Figure  11  shows  the  entire  assembly 
installed  in  the  imaging  tank. 


F.  Additional  TP  Recordings 

The  round  window  recording  device  was  prepared  for  TP  recording. 

The  substrate  plug  used  was  Teflon,  since  it  had  previously  produced  the  best 
water  images.  The  plug  was  attached  to  the  aluminum  base  of  the  recorder 
with  silicon  rubber  so  that  the  Teflon  upper  surface  was  level  with  the 
aluminum  upper  surface.  Small  gaps  between  the  edges  of  the  two  materials 
were  filled  with  automotive  body  puttv  so  that  the  smoothest  possible  con¬ 
tinuous  surface  could  be  achieved.  The  recorder  base  was  then  coated  with 
2.54-mm  thick  layer  of  S-55  TP,  a  material  which  is  rigid  at  room  temperature. 
The  TP  had  to  be  heated  to  125°C'  before  pouring  in  order  for  it  to  flow  to  an 


Figure  31.  Heating  device  in  recording  fixture. 

even  layer  on  the  recorder.  The  heating  device  was  then  installed.  The 
assembly  was  first  tested  with  no  acoustic  signals  to  verify  that  the  TP 
would  adequately  liquify  with  the  heater  activated.  This  test  was  necessary 
since  it  was  not  known  whether  or  not  the  effect  of  having  the  bottom  of  the 
TP  coupled  through  a  heat  conducting  medium  (the  aluminum  base  or  the  thin 
substrate)  to  a  heat  sink  (the  tank  water).  One  could  assume  that  the  TP 
would  be  in  a  multiple. phase  during  heating  since  the  top  would  liquify  from 
the  radiant  heat  but  the  bottom  might  always  remain  close  to  the  temperature 
of  the  tank  water  and  not  liquify.  The  test  showed  that  the  TP  liquified 
completely.  However,  the  square  viewing  hole  had  to  be  covered  with  another 
wood  block  so  that  enough  heat  could  be  retained  in  the  vicinity  of  the  TP 
for  proper  liquification.  This  did  not,  as  one  might  assume,  destroy  the 
possibility  of  in  situ  real-time  recording.  However,  previous  experimentation 
had  shown  that  the  laser  light  image  was  temporarily  distorted  when  the 
heater  was  activated  due  to  air  convection  currents.  These  distortions  dis¬ 
appeared  immediately  when  the  heater  was  deactivated.  By  modifying  the 
heater  so  that  the  central  window  was  permanently  covered  with  optical  grade 
pyrex,  one  could  use  the  heater  without  adding  and  removing  a  heat  retaining 
cover. 

When  the  heat  was  removed,  it  was  observed  that  the  TP  surface  was 
slightly  distorted  around  the  perimeter  of  the  substrate  disk.  Although  great 
care  had  to  be  taken  to  insure  a  smooth  continuum  between  aluminum  base  and 
substrate  disk,  there  were  still  slight  depth  variations.  When  the  TP  was 
liquified  or  when  water  was  used  as  an  imaging  medium  no  upper  surface  im¬ 
perfections  existed  since  the  shear  forces  caused  by  these  depth  variations 
could  not  be  transmitted  from  the  bottom  of  a  liquid  imaging  media  to  the  top. 
Consequently,  the  top  of  these  liquids  always  was  plane.  However,  as  the  TP 
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energy  might  be  transmitted  to  the  TP.  For  a  similar  reason,  the  substrate 
should  be  as  thin  as  possible.  However,  the  thinner  a  given  substrate,  the 
less  rigid.  Experimentation  showed  that  slight  surface  deformation  caused  by 
water  pressure  and  TP  weight  had  a  severe  impact  on  the  ability  of  the  re¬ 
corder  to  reproduce  diffraction  order  views.  The  recorded  image  was  also 
subject  to  distortion  if  the  substrate  and  TP  surfaces  where  not  acoustically 
pure;  i.e.,  if  the  surface  roughness  was  not  at  least  an  order  of  magnitude 
below  the  wavelength  of  the  ultrasound. 

The  TP  layer  needed  to  be  no  thicker  than  that  necessary  to  free  the 
central  recording  area  from  boundary  effect  distortions.  Thickness  of  TP 
above  this  caused  a  lessening  of  the  visual  image. since  the  TP  itself  exhibits 
significant  relaxation  absorption  and  attenuation  of  ultrasonic  signals. 

The  type  of  TP  used  was  shown  to  be  a  trade-off  between  a  sufficiently  high 
melting  point  (so  that  the  TP  was  rigid  at  room  temperature)  and  some  maximum 
temperature  (dependent  on  the  substrate)  so  that  the  substrate  would  not 
thermally  deform  when  the  TP  was  heated  to  a  liquid  during  holographic 
recording. 

Recommendations  for  system  modification  include  the  following.  Smaller 
diameter  transducers  of  higher  power  would  enhance  the  images  by  allowing  the 
system  to  operate  in  the  "cleaner"  Fraunhofer  zone  as  opposed  to  the  fresnel 
zone,  where  the  large  diameter  transducers  currently  being  used  operate.  The 
additional  power  would  also  allow  the  use  of  a  substrate  with  a  poorer 
characteristic  impedance  match  but  greater  rigidity.  Therefore,  a  recording 
fixture  with  a  separate  acoustical  window  would  not  be  necessary  so  that  no 
localized  substrate  boundary  effects  would  affect  the  TP  surface  smoothness. 
Thus,  the  TP  would  be  able  to  record  and  reproduce  the  higher  order  diffrac¬ 
tion  images.  In  addition,  higher  power  transducers  would  allow  the  use  of  a 
higher  frequency  ultrasonic  signal,  which  would  improve  the  resolution  of  the 
system. 

In  addition,  the  use  of  thin  film  (thickness  0.254-mm)  TP  should  be  in¬ 
vestigated.  Although  this  has  been  tried  previously  without  applying  a  suf¬ 
ficiently  smooth  and  level  coating  of  TP,  the  technology  does  exist  to 
perform  this  coating  successfully. 

The  effect  of  TP  surface  modification  during  cooling  should  also  be 
investigated,  since  failure  of  the  TP  to  retain  the  acoustical  interference 
pattern  correctly  would  obviously  eliminate  it  from  consideration  as  a  re¬ 
cording  medium. 
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